The response of xylem pressure potential of Engelmann spruce (Picea engelmannii Engelm.) to environmental factors was studied in the natural subalpine environment. Data were analyzed in the context of a leaf water potential model based upon the van den Honert model for water transport through the soil-plant-atmosphere continuum. At soil temperatures of 10 to 15 C, xylem pressure potential decreased to about -10 bars as the ratio of leaf to air absolute humidity difference to leaf diffusion resistance (an estimate of transpiration) increased. The potentials were slightly lower at all flux rates above zero when the soil temperature was 5 to 10 C, and at temperatures of 0 to 5 C the potentials decreased sharply to as low as -20.4 bars, even though the soil water supply was adequate. The relative viscosity of water and soil to leaf resistances for flow were compared for Engelmann spruce and citrus at low soil tem. peratures. These comparisons indicated that decreased root permeability was probably not an important factor causing higher stresses in spruce at 5 to 10 C, but for citrus, root permeability became limiting at soil temperatures as high as 13.5 C. Xylem pressure potential was correlated with net radiation during the daytime when soil temperature was above 7 C. Under other conditions, however, xylem potential and net radiation apparently had a different relationship. The relationship between flux density and potential was the same on unshaded and shaded portions of the crown, with differences in potential related to differences in flux density.
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Considerable attention has been given to the van den Honert (8) interpretation of the soil-plant-atmosphere continuum for water transport through plants. During the last several years research has centered upon two areas, one the interpretation of enviromnental influences on plant water balance, and the other the use of water stress and water flux data to characterize resistances to flow of liquid water from the soil to leaves (11) . For example, Elfving et al. (6) and others have adapted van den Honert's scheme to provide a conceptual equation allowing an interpretation of how various factors in the soil and atmosphere influence leaf water potential:
*leaf = f (I'soil) -f (flux X rsoil to leaf) (1) 'This work, supported by National Science Foundation Grant This paper examines how factors in the root and shoot environments influence the development of water stress in Engelmann spruce and how root resistance to water absorption is influenced by cold soil temperatures. First, the relationships of leaf water stress to radiation load, the gradient and diffusion resistance for water vapor loss, and transpirational flux density are examined. Transpirational flux density as used here is the quantity of water lost per unit leaf area per unit time, as distinguished from transpirational flux which is simply the quantity per unit time (13) .
Second, the effect of soil temperature on the water absorption process in roots is examined to determine whether spruce, a subalpine species, behaves differently from citrus, a subtropical species. Engelmann spruce is found at high elevations or northern latitudes where soil temperatures at a depth of 10 to 20 cm are typically 10 C or lower. With citrus, Elfving et al. (6) concluded that low soil temperatures increased resistances to water transport in the soil-root portion of the continuum, with the effect beginning at temperatures somewhat above 10 C. Others have also reported soil and root temperature effects on transpiration or plant water stress, but not on the relationship between plant water stress and transpiration (1, 7, 15, 17) .
Data reported here provide a test for the hypothesis that the effect of root temperature on the relationship of plant water status and transpiration varies among species because of different temperature effects on root permeability. Those species adapted to tropical or subtropical environments (e.g. citrus) might be quite sensitive to moderately cool root temperatures, whereas those adapted to temperate or subalpine climates with cold soil environments may demonstrate no sensitivity until temperatures are somewhat lower. At the second site, trees of similar size and age but with more dense foliage were located in a small clearing and were subjected to several extended periods of sunlight throughout the day. The third site was an exposed knoll near tree line where trees had a Krummholz form and were probably at least 50 years old.
MATERIALS AND METHODS

All
Using a portable instrument package, sets of data characterizing the soil and atmospheric environments and plant water relations were collected during a several-minute period. To evaluate plant response to environmental conditions, data were collected from each site at various times of the day and over a broad range of climatic conditions. The data included leaf, air, and soil temperature (thermocouples), relative humidity, net radiation (Fritschen net radiometer), leaf diffusion resistance (porometer), and xylem pressure potential (pressure chamber). Leaf diffusion resistance was measured on small shoots having 8 cm2 surface area of foliage. The shoots were sealed in an unstirred aluminum porometer chamber containing a lithium chloride humidity sensor. After unsuccessful attempts to calibrate the porometer with diffusion plates of known resistance, the porometer was calibrated using foliage of potted seedlings whose resistance was calculated from transpiration data. Further research on unstirred and stirred models of the porometer is in progress. Xylem pressure potential may be converted to leaf water potential using the relationship for Engelmann spruce given by Kaufmann (10) . Some of the data were used to calculate transpiration rate. The absolute humidity difference from leaf to air (Ag -cm-3) was determined from leaf and air temperature and relative humidity data. Dividing this value by leaf diffusion resistance (sec cm-l) resulted in an estimate of transpirational flux density (,ug. cm-2 sec-1). While measuring transpiration flux as opposed to flux density might be more appropriate for the studies reported here (13) , the difficulties of measuring whole plant transpiration of forest trees, even small ones, under field conditions using contrasting sites make this approach impractical. A controlled-environment comparison of transpiration estimated by dividing the absolute humidity gradient by leaf diffusion resistance and transpiration measured by weighing small potted seedlings with known foliage area indicated good agreement (Kaufmann, unpublished 
data).
Periodic measurements with soil psychrometers indicated that soil water potential was never below -1 bar at the study sites. Soil temperatures at 15 to 20 cm depth were typically 7 to 10 C at all sites during July and decreased to 2 to 5 C by early October. At Figure 1 were all collected when soil temperature was above 7 C. Because of an equipment failure in September, net radiation could not be measured accurately late in the season. However, in full sunlight net radiation was estimated to be about 0.75 langley -min-'. Xylem pressure potentials measured during this period (when root temperatures were below 7 C) were consistently in the -15 to -20 bar range during the day, clearly more negative than the potentials given in Figure 1 at the high net radiation levels. stomata (low resistances) were associated with low pressure potentials. These data were collected from all three contrasting microsites, at various times of the day and growing season, and under climatic conditions ranging from complete cloud cover to full sunlight. Therefore, the lack of a unique relationship between xylem pressure potential and net radiation, absolute humidity difference, or leaf diffusion resistance is not surprising. Theoretically xylem pressure potential should be related closely to the flux of water through the soil-plant-atmosphere continuum, and the potential should be reduced when resistance to liquid water flow is increased (11) . In Figures 2 to 4 , the effect of transpirational flux density on xylem pressure potential is examined over a range of soil temperatures. In warm soils (Fig. 2) xylem pressure potential decreased as the transpiration rate increased to about 0.7 Ag.Ccm-2-sec-' and then remained stable at about -10 bars. When the soil temperature was 5.1 to 10 C, the potential decreased further, and at high transpiration rates the potential was consistently between -10 and -14 bars (Fig. 3) . In cold soil (0.1 to 5 C) the decrease in potential was considerably more pronounced (Fig. 4) . While the curves are hand-drawn, it appears that each data set converged on the ordinate (transpiration equal to 0) at nearly the same level of -2 to -3 bars.
DISCUSSION
The moderately good correlation between net radiation and water stress during the daytime shown in Figure 1 is not surprising. Increasing net radiation typically has associated with it decreasing stomatal resistance and increasing humidity gradients from leaf to air, both favoring increased water loss. The data of Figure 1 and data collected at colder soil temperatures suggest that the net radiation effect on water stress must be interpreted cautiously, however. At net radiation levels near 0, considerable differences in pressure potential occurred depending upon whether stomata were closed tightly near dawn or dusk or were partially open and in drier air when the trees were shaded during the day. Soil temperature affected the relationship of xylem pressure potential to net radiation, particularly in full sunlight, presumably because root permeability decreased in cold soil (see below).
The considerable variation of xylem pressure potential when plotted against absolute humidity differences or leaf diffusion resistances was expected. At any particular humidity difference the potential can be influenced by leaf resistance, and similarly, potential can vary at a given leaf resistance because of changing humidity gradients. Kaufmann (in preparation) found that Engelmann spruce stomata in bright light closed slightly in response to large absolute humidity gradients, but in the shade the closing response to increasing absolute humidity gradients was more pronounced.
Examining the effect of root temperature on the potential-flux relationship for Engelmann spruce (Figs. 2-4) indicates that xylem pressure potentials were more negative in colder soil than in warmer soil at all flux densities above 0. A decrease in potential at a given flux density when soil is wet represents an increase in the gradient for flow of liquid water from the soil to the leaf, leading to the conclusion that resistances to liquid water movement increased (11) . Increased resistances may result from at least two factors: (a), an increase in viscosity of water in the soil and roots, and (b), a decrease in permeability of the root system to absorption of water.
In an attempt to separate the effects of viscosity and permeability, the relative changes in viscosity and resistance for liquid water flow were determined for reduced temperatures using the spruce data from Figures 2 to 4 
